SUMMARY. We determined the effects of the timing of repetitive bursts of vagal stimulation on the positive chronotropic responses of the heart to trains of cardiac sympathetic nerve stimulation in open-chest anesthetized dogs. Trains of sympathetic stimulation alone, at frequencies of 2 and 4 Hz, decreased the cardiac cycle length by 176 ± 19 msec (mean ± SE) and 190 ± 22 msec, respectively. When bursts of vagal stimuli were given once each cardiac cycle and they were placed at their least effective time in the cycle, sympathetic stimulation at frequencies of 2 and 4 Hz decreased cardiac cycle length by only 107 ± 8 and 120 ± 8 msec, respectively. However, when the bursts of vagal stimuli were delivered at their most effective time in each cycle, the same levels of sympathetic stimulation elicited much larger reductions in cardiac cycle length (285 ± 32 and 330 ± 32 msec, respectively). Therefore, the effects of sympathetic stimulation were significantly attenuated by the vagal stimuli when the vagal bursts were relatively ineffective. Conversely, the chronotropic effects of the sympathetic stimulation were exaggerated substantially when the vagal stimulus bursts were initially positioned at their most effective time in the cardiac cycle. This latter response is contrary to the characteristic 'accentuated antagonism," wherein the effect of any given level of sympathetic stimulation is diminished as the level of vagal activity is increased. This vagally mediated enhancement of the positive chronotropic response to sympathetic stimulation occurs because the phase dependency of the response of the automatic cells to the bursts of vagal stimulation is altered by the increased sympathetic activity. (CircRes 54: 703-710, 1984) 
SUMMARY. We determined the effects of the timing of repetitive bursts of vagal stimulation on the positive chronotropic responses of the heart to trains of cardiac sympathetic nerve stimulation in open-chest anesthetized dogs. Trains of sympathetic stimulation alone, at frequencies of 2 and 4 Hz, decreased the cardiac cycle length by 176 ± 19 msec (mean ± SE) and 190 ± 22 msec, respectively. When bursts of vagal stimuli were given once each cardiac cycle and they were placed at their least effective time in the cycle, sympathetic stimulation at frequencies of 2 and 4 Hz decreased cardiac cycle length by only 107 ± 8 and 120 ± 8 msec, respectively. However, when the bursts of vagal stimuli were delivered at their most effective time in each cycle, the same levels of sympathetic stimulation elicited much larger reductions in cardiac cycle length (285 ± 32 and 330 ± 32 msec, respectively). Therefore, the effects of sympathetic stimulation were significantly attenuated by the vagal stimuli when the vagal bursts were relatively ineffective. Conversely, the chronotropic effects of the sympathetic stimulation were exaggerated substantially when the vagal stimulus bursts were initially positioned at their most effective time in the cardiac cycle. This latter response is contrary to the characteristic 'accentuated antagonism," wherein the effect of any given level of sympathetic stimulation is diminished as the level of vagal activity is increased. This vagally mediated enhancement of the positive chronotropic response to sympathetic stimulation occurs because the phase dependency of the response of the automatic cells to the bursts of vagal stimulation is altered by the increased sympathetic activity. (CircRes 54: 703-710, 1984) THE opposing influences of the two autonomic divisions on heart rate usually are not algebraically additive, but complex sympathetic-parasympathetic interactions may occur (Levy, 1971; Schwegler and Jacob, 1976; Levy and Martin, 1979; Muscholl, 1980; Watanabe et al., 1981) . One of the most prominent manifestations of such an interaction is that the positive chronotropic effect of a given level of cardiac sympathetic stimulation is progressively attenuated as the level of concurrent vagal activity is raised . High levels of vagal activity often completely suppress the positive chronotropic effect of an otherwise potent level of sympathetic activity. Such an interaction has been termed 'accentuated antagonism" (Levy, 1971) . The spontaneous activity in the efferent vagal fibers that innervate the heart tends to occur in pulse-synchronous bursts (Jewett, 1964; Katona et al., 1970; Kunze, 1972) . The chronotropic response of the heart to such repetitive bursts of efferent vagal activity displays a marked phase-dependency (Levy et al., , 1972 Dong and Reitz, 1970; Stuesse et al., 1978 Stuesse et al., , 1981 Jalife et al., 1983) . If the vagus nerves are stimulated with one brief burst of electrical pulses each cardiac cycle (so-called phasecoupling), the negative chronotropic effect of those bursts may be very pronounced if they are placed at an optimum time in the cardiac cycle. Conversely, the stimulus bursts may be relatively ineffectual if they are placed at another phase of the cardiac cycle.
In the present series of experiments, we have altered the timing of phase-coupled bursts of vagal stimuli in order to vary the response level of the sinoatrial (SA) nodal cells to vagal stimulation. We assumed that simply changing the timing of a stimulus burst within the cardiac cycle would not alter substantially the quantity of acetylcholine released by the vagal nerve endings during each burst. We wished to test the hypothesis that changes in the response level per se to vagal stimulation, achieved by such changes in timing, would significantly affect the positive chronotropic response to a given level of concurrent sympathetic stimulation. In a previous study (Stuesse et al., 1981) , we had examined the inverse relationship, namely, the effects of tonic sympathetic stimulation on the chronotropic responses to phase-coupled bursts of vagal stimulation.
The results of the present series of experiments have disclosed the operation of an entirely new type of sympathetic-parasympathetic interaction. When the negative chronotropic efficacy of the vagal stun-uli was nearly maximal initially, the positive chronotropic effect of a given train of sympathetic stimulation was found not to be attenuated, but instead, was considerably enhanced. This response is just the opposite of the accentuated antagonism that has consistently been observed under other conditions of combined stimulation of the cardiac sympathetic and parasympathetic nerves.
Methods

Surgical Preparations and Recording Techniques
Ten mongrel dogs (12-35 kg) were anesthetized with sodium pentobarbital, 30 mg/kg, intravenously. A tracheal cannula was inserted through a midline incision. Both cervical vagi were tightly tied in order to block conduction and thereby to remove the tonic vagal influence on the heart. Two stainless steel plunge electrodes were inserted into the right vagus nerve caudal to the ligature, and they were connected to an electronic stimulator (Grass S-4, with isolation unit). Stimuli delivered through such plunge electrodes have been shown to elicit stable responses for many hours (Lazzara et al., 1973) .
The chest was opened transversely at the 4th intercostal space, and intermittent positive-pressure ventilation was administered. The upper poles of both stellate ganglia were tightly ligated in order to interrupt virtually all tonic sympathetic activity to the heart (Levy et al., 1966) . A bipolar shielded iridium electrode, connected to a second stimulator, was attached to the right ansa subclavia.
The atrial elecrrogram was recorded from a bipolar electrode catheter that was introduced into the right atrial appendage through a small incision. The beginning of each atrial depolarization (A wave) was arbitrarily designated as the beginning of a new cardiac cycle. The elecrrogram served as an input to a parallel-logic analog computer (EAI 580). The cardiac cycle length (A-A interval) was computed with each beat. The computer triggered the vagal stimulator to deliver one stimulus burst per cardiac cycle at predetermined A-St intervals (the time from the beginning of atrial depolarization to the beginning of the vagal stimulus burst). The atrial electrogram, the signal from the vagal stimulator, the A-A interval, the A-St interval, and the femoral arterial blood pressure signal (Statham transducer, P23 AA) were recorded on an eight-channel oscillograph (Brush, Mark 200).
Protocol
Each experiment was divided into two observation periods. During the first observation period, the A-St interval of the vagal stimulus bursts was varied by a constant increment each beat, so that the entire cardiac cycle could be scanned by the bursts of vagal stimuli. During the second observation period, the A-St intervals were held constant at those values that produced the maximum and minimum chronotropic responses to vagal stimulation in the absence of concurrent sympathetic stimulation. During each observation period, the effects of vagal stimulation alone were compared with those of concurrent vagal and sympathetic stimulation.
Period 1: A-St Interval Ramps
During the first observation period, the right vagus nerve was stimulated with one burst of electrical pulses each cardiac cycle; this has been termed 'phase-coupling* Circulation Research/Vol. 54, No. 6, June 1984 by Jalife et al. (1983) . The A-St intervals of the stimulus bursts were varied as ramp-like functions of time; ascending and descending ramps were generated alternately. Each stimulus burst consisted of several square-wave electrical pulses. Each pulse was 1 msec in duration and was supramaximal in voltage (10-15 V); the interval between pulses was 5 msec.
Two levels of vagal stimulation were used-low and high. In half the animals, the low and high levels were 2 and 5 pulses per burst, respectively. In the remaining animals, the low and high levels were 3 and 6 pulses per burst, respectively. The right vagus nerve was first stimulated in the absence of sympathetic excitation, until the effects of at least two sets of A-St interval ramps had been tested. Then, concurrent with the ramps of vagal stimulation, the right ansa subclavia was stimulated with continuous trains of supramaximal pulses (usually 10 V, 1 msec) at constant frequency levels of 2 and 4 Hz. Each train of sympathetic stimulation was maintained until at least two complete sets of vagal stimulation ramps had been completed.
Period 2: Constant A-St Intervals
In the second observation period, bursts of pulses were delivered to the right vagus nerve at the following two times in the cardiac cycle: (1) Then, while the repetitive vagal stimulus bursts were held at either the original (A-St)™, or the original (A-St),î nterval, trains of sympathetic stimuli were delivered to the right ansa subclavia, and the steady state changes in cardiac cycle length were determined. The voltage, pulse width, and numbers of pulses per burst of vagal stimulation, and the voltage, pulse width, and frequencies of sympathetic stimulation, were the same as those used in period 1.
Statistical Analysis
The chronotropic effects of concurrent vagal and sympathetic stimulation were analyzed by means of mixedmodel analyses of variance (Sokal and Rohlf, 1969) . During the first observation period, the experiment consisted of one random factor (the individual animals) and the following two fixed factors: N, the number of pulses per burst of vagal stimulation, and S, the sympathetic stimulation frequency. There were two levels of factor N (2.5 and 5.5 pulses per burst) and three levels of factor S (0, 2, and 4 Hz). Hence, there were six permutations of the two fixed factors, and these permutations were applied in a random sequence.
During the second observation period, the experiment consisted of the same random factor (the animals) and the same fixed factors (N and S), plus an additional fixed factor, the phase (P) of the vagal stimulus bursts. There were two levels of factor N (2.5 and 5.5 pulses per burst), two levels of factor S (2 and 4 Hz), and three levels of factor P [no vagal stimulation, vagal stimulation at (A-and vagal stimulation at (A-Stjnu,]. Hence, there were 12 different permutations of the three fixed factors, and these permutations were applied in a random sequence in each experiment. F-tests were used for all planned comparisons of mean values.
Results
Period 1: A-St Interval Ramps
Representative Experiment
As the time (A-St interval) of the vagal stimulus burst within the cardiac cycle was progressively changed until the entire cycle had been scanned, there were characteristic changes in cardiac cycle length (A-A interval) evoked by those stimulus bursts. A graph of the A-A intervals, plotted as a function of the A-St interval, constitutes a phaseresponse curve. In the experiment shown in Figure 1, curve V represents the data that were obtained when the vagus nerve alone was stimulated. Points a and b are the maximum and minimum A-A intervals that prevailed during vagal stimulation alone. During concurrent vagal and sympathetic stimulation (curve V+S), the maximum (a') and minimum (b') points on curve V+S lie to the left of the corresponding points (a and b) on curve V. Curves V and V+S indicate that, in this animal, relatively small changes in A-St interval were required to elicit shifts from the maximum to the minimum response. Similar curves were obtained from the other animals in this series, but larger changes in A-St interval usually were required to evoke the transition from the maximum to the minimum response. 
Composite Data
The mean values for the (A-St),™, and ( intervals during tonic sympathetic stimulation at 0, 2, and 4 Hz are presented in Table 1 for the group of 10 animals. The table shows that as the frequency of concurrent sympathetic stimulation was increased from 0 to 2 Hz and then to 4 Hz, the values of the (A-St)^ and (A-St),™ intervals progressively diminished (P < 0.001). These results confirm the previous findings of Stuesse et al. (1981) .
Period 2: Constant A-St Intervals
Representative Experiment
In the experiment shown in Figure 2 , the basal A-A interval was 380 msec, in the absence of either vagal or sympathetic stimulation (panel A). When the right ansa subclavia was stimulated (arrow SI) at a frequency of 2 Hz, the A-A interval decreased to 250 msec. After cessation of stimulation (second arrow), the A-A interval returned to the control level.
Preliminary tests in this animal revealed that, in the absence of sympathetic stimulation, the minimum negative chronotropic effect of the vagal stimulus bursts (13 V, 2 pulses/burst) was elicited when the A-St interval [(A-St),^] was about 380 msec, and the maximum effect was evoked when the ASt interval [(A-St) max ] was about 170 msec. When the right vagus nerve was stimulated once each cardiac cycle with bursts of 2 pulses at the (A-St),™ interval (panel B), the A-A interval was about 600 msec before the sympathetic nerves were stimulated. Tonic sympathetic stimulation (arrow S2) at a frequency of 2 Hz elicited a 150-msec decrease in the A-A interval. This reduction in cardiac cycle length (panel B) was not appreciably different from the response obtained in the absence of concurrent vagal stimulation (panel A).
When the vagus nerve was stimulated once each cardiac cycle at the (A-St)^ interval (panel C), the A-A interval was about 900 msec prior to sympathetic stimulation. A 2 Hz train of sympathetic stimulation (arrow S3) then caused the A-A interval to • On mean values (± SEM) of the (A -S t )^ and (Aintervals of the phase-response curve to vagal stimulation in a group of 10 dogs. Table 1. sympathetic stimulation were significantly less (P < 0.01) than those evoked by sympathetic stimulation alone. This attenuation of the chronotropic response was not appreciably influenced by the frequency of the sympathetic stimuli or by the number of pulses in each burst of vagal stimulation. Conversely, when the vagal stimuli were delivered at the original (AS^max interval, the chronotropic responses to the repetitive levels of sympathetic stimulation were significantly greater (P < 0.01) than were those evoked by equivalent sympathetic stimulation, either in the absence of vagal stimulation or in the presence of vagal stimulus bursts delivered at the original (A-St)^,, interval. Hence, the positive chronotropic effect of a given level of sympathetic stimulation depended substantially (P < 0.001) on the presence and the phase (factor P) of the concurrent vagal stimulation (Table 2 ). This dependency on phase was more pronounced when there were 5.5 pulses per burst of vagal stimulation than when there were only 2.5 pulses per burst; i.e., the effects of the number of pulses per burst (factor N) and the P x N interaction were both significant. However, the dependency on the phase of vagal stimulation was not significantly different at the two levels of sympathetic stimulation (factor S); i.e., the P X S interaction was not significant.
Discussion
It is well established that the cardiac responses to a given level of sympathetic activity depend on the background level of vagal activity (Levy, 1971; Levy and Martin, 1979; Muscholl, 1980; Watanabe et al., 1981) . In all previous descriptions of the cardiac sympatheric-parasympathetic interactions, the manifestations were such that the effect of any given level of sympathetic stimulation was attenuated substantially as the level of vagal activity was increased. This so-called 'accentuated antagonism" was also evident in certain of the responses evoked in the present series of experiments. For example, accentuated antagonism was manifest in the present study (Fig. 3) when the vagal stimulus bursts were given at the original (A-St)^ interval. Under such conditions, the positive chronotropic response to a given level of sympathetic activity was significantly less than the response to an equivalent train of sympathetic stimulation given in the absence of any background level of vagal activity.
The results of the present study also show, however, that the timing of the prevailing background vagal activity is a very important determinant of the chronotropic efficacy of a given sympathetic stimulus. Our experiments demonstrate that when the right vagus nerve was being stimulated at its original (A-StXna* interval, the chronotropic response to a given level of sympathetic stimulation was significantly more pronounced than were the responses when the same train of sympathetic stimulation was given either while the vagus nerve was being stimulated at its original (A-St)™,, interval or while the vagus nerve was not being stimulated at all (Figs. 2  and 3) . That is, when phase-coupled bursts of vagal activity were timed to be maximally effective, the effect of a superimposed train of sympathetic stimulation was not attenuated, as expected, but instead, was markedly exaggerated. This effect was more pronounced the greater the number of pulses in each vagal stimulus burst (Fig. 3) .
This substantial dependence of the chronotropic response to sympathetic stimulation on the phasedependent characteristics of concurrent vagal stimulation constitutes a form of peripheral sympatheticvagal interaction that has been recognized only recently (Stuesse et al., 1981) . Such interactions are likely to play a physiological role in the neural control of the heart. The spontaneous efferent vagal activity to the heart contains pulse synchronous bursts of impulses that are the reflex consequence of baroreceptor stimulation by the arterial pulse wave (Jewett, 1964; Katona et al., 1970; Kunze, 1972) . Hence, the vagal impulse bursts tend to recur at a characteristic point in each cardiac cycle. However, variations in the level of tonic sympathetic activity will induce characteristic changes in cardiac cycle length, which, in turn, will elicit changes in the vagal phase response curve that are directionally similar to those observed during period 1 in the present study.
Peripheral autonomic interactions involve mechanisms that may take place at either the prejunc-707 tional or the postjunctional end of the neuroeffector junction (Levy, 1971; Schwegler and Jacob, 1976; Levy and Martin, 1979; Muscholl, 1980; Watanabe et al., 1981) . The design of the present series of experiments makes it highly unlikely that the phasedependent type of interaction was ascribable to a prejunctional mechanism, i.e., to an inhibition of the release of norepinephrine (NE) from sympathetic nerve terminals by the acetylcholine (ACh) released from nearby vagal endings. When the timing of the vagal stimulus bursts was shifted from the original (A-St)^ to the original (A-St)™,* interval, for example, the chronotropic efficacy of sympathetic stimulation was enhanced substantially (Fig. 3) . If the effects of such a shift in timing were mediated predominantly by a prejunctional mechanism, the enhancement of the response to sympathetic stimulation would imply that the potentiation had been implemented by a reduction in the rate of ACh release from the vagal endings in the SA node. This change in the rate of ACh release, in turn, would have had a less inhibitory effect on the rate of release of NE from the neighboring sympathetic terminals, thereby accounting for the observed augmentation of the response.
In the experiments depicted in Figure 3 , vagal stimulation consisted of one burst each cardiac cycle of a specific number of identical electrical pulses. Without question, the amount of ACh released per burst did depend upon certain critical characteristics of the electrical pulses that comprised the burst (i.e., on the number, voltage, duration, and repetition rate of those pulses). However, for a given set of characteristics of the burst, changes only in the timing of the bursts within the cardiac cycle probably did not alter appreciably the quantity of ACh released per cardiac cycle.
By virtue of the associated change in heart rate, however,, a change in the timing of the vagal stimulus bursts within the cardiac cycle would certainly alter the quantity of ACh released per minute. The stimulator was programmed to deliver one burst of pulses each cardiac cycle. Hence, a large increase in heart rate, for example, would tend to elicit a proportionately large increment in the amount of ACh released from the vagal endings in the heart per minute. Conversely, a small increase in heart rate would tend to elicit a proportionately small increment in the quantity of ACh released per minute from the vagal nerve endings.
The representative experiment displayed in Figure 2 illustrates why the sympathetic-vagal interaction observed in panel C is not explainable by a prejunctional mechanism. Whereas the vagus nerve was being stimulated at the original (A-St)™* interval (panel C), sympathetic stimulation elicited a much greater increase in heart rate than did the same sympathetic stimulation given while the vagus nerve was being stimulated at the original (A-St) min interval (panel B). Undoubtedly, the changes in the rates of ACh release from the vagal nerve endings per minute must have paralleled these increases in heart rate. Therefore, the resultant increment in the rate of ACh release during vagal stimulation at (ASt)m*x (panel C) must have been greater than the increment in the rate of ACh release during vagal stimulation at (A-St)mi n (panel B). Because ACh tends to inhibit the neuronal release of NE, the resultant decrement in the rate of NE release from neighboring sympathetic terminals would be expected to be more pronounced under the conditions depicted in panel C than under the conditions portrayed in panel B. Yet the change in cardiac cycle length evoked by equal trains of sympathetic stimulation was substantially greater in panel C than in panel B. Because the known prejunctional mechanism would have induced results opposite to those shown in Figure 2 , B and C, the results that were obtained must have been ascribable to some non-prejuncrional mechanism (i.e., to some type of posrjunctional mechanism, by exclusion).
The postjunctional interactions in the heart that have been described previously tend to produce effects that are directionally similar to those evoked by the prejunctional mechanisms, i.e., the response to a given level of adrenergic agonist is attenuated as the level of cholinergic agonist is raised (Levy, 1971; Schwegler and Jacob, 1976; Levy and Martin, 1979; Watanabe et al., 1981) . This type of accentuated antagonism has been ascribable in part to a cholinergically induced reduction of the increment in intracellular cAMP that would otherwise have been produced by the sole action of a given level of adrenergic activity. (Schwegler and Jacob, 1976; Watanabe et al., 1981) . This type of postjunctional mechanism must have been overwhelmed in the experiments shown in Figures 2C and 3 , because the response to a given level of sympathetic activity was exaggerated, not attenuated, as the background level of the cholinergic response was augmented [i.e., when the vagal stimulus bursts were timed at the original (A-St) max ].
The prepotent mechanism responsible for the type of sympathetic-vagal interaction shown in Figures  2C and 3 is undoubtedly ascribable to the effect of concurrent sympathetic stimulation on the phasedependency of the chronotropic response to vagal stimulation. Under certain conditions, the responsiveness of the SA nodal pacemaker cells to phasecoupled vagal stimulation may change dramatically with a very small shift in the phase of the cardiac cycle at which the stimulus is delivered (Dong and Reitz, 1970; Levy et al., 1972; Stuesse et al., 1978; Wallick et al., 1979) . The results we obtained during period 1 (Fig. 1; Table 1 ) confirm the previous findings of Stuesse et al. (1981) , who showed that sympathetic stimulation shifts the temporal relationship between the vagal stimulus and the pacemaker response.
The phase-response curves in Figure 1 illustrate 54, No. 6, June 1984 that relatively small changes in sympathetic tone may greatly alter the cardiac response to phasecoupled bursts of vagal stimuli. During vagal stimulation, alone, the vagal stimulus bursts evoked the maximum A-A interval (Y a , curve V) when they were given at an A-St interval (X a ) of about 465 msec; Y, and X. are the Y and X coordinates of point a. When the sympathetic nerves were stimulated concurrently, the maximum A-A interval (Y,<, curve V-fS) was then elicited by bursts of vagal stimuli that had an A-St interval (X,-) that was appreciably smaller than the (A-St),^ interval (X a ) that evoked the maximum response during vagal stimulation alone; i.e., X,-< X,. Hence, sympathetic stimulation caused the X coordinate of the maximum value of the phase-response curve to shift to the left. It is evident that if the vagus nerve alone had first been The results of recent elecrrophysiological studies (Jalife and Moe, 1979; Jalife et al., 1983; Goto et al., 1983) suggest the reasons for the sympathetically mediated shift in the maximum and minimum values of the phase-response curve to repetitive vagal stimulation. The acetylcholine (ACh) released from the vagal nerve endings increases the potassium conductance of the automatic cell membranes (HillSmith and Purves, 1978; Jalife and Moe, 1979; Pott, 1979; Jalife et al., 1980 Jalife et al., , 1983 Osterrieder et al., 1980) . The resultant hyperpolarization during the phase of slow diastolic depolarization (phase 4) is the principal mechanism by which a vagal stimulus initially prolongs the activity cycle of the automatic cells (Jalife and Moe, 1979; Spear et al., 1979; Jalife et al., 1983; Goto et al., 1983) .
There is a substantial latent period (about 50-150 msec) between the time of contact of the ACh with the membrane and the beginning of the increase in potassium conductance (Hill-Smith and Purves, 1978; Jalife and Moe, 1979; Pott, 1979; Jalife et al., 1980 Jalife et al., , 1983 Osterrieder et al., 1980; Bristow and Clark, 1983) . Hence, if the ACh is not released too late in phase 4, it will hyperpolarize the cell membrane during that same cycle and prolong the time till the next action potential. However, if the ACh is not released until the very end of phase 4 (i.e., less than about 100 msec before the beginning of the next action potential), it will not be able to hyperpolarize the cell during that pacemaker cycle, because of the long latent period. Instead, it will prolong the subsequent cardiac cycle.
The effects of sympathetic activity on the SA nodal phase-response curve to vagal stimulation can be explained by the diagram in Figure 4 . The upper tracing (V) represents the effects of a vagal stimulus burst (St) on the rransmembrane potential of an SA nodal cell, whereas the lower tracing (V+S) represents the effects of the same vagal stimulus burst applied during a sustained train of sympathetic stimulation. In each tracing, the horizontal bar (L) before the beginning of the upstroke of the 'expected' action potential represents the duration of the latent period for the action of ACh on the cell membrane; the term 'expected' refers to the time of occurrence of the next action potential had there been no vagal stimulus.
In the absence of sympathetic stimulation (curve V), the time in the pacemaker cycle at which the vagal stimulus burst would have its maximum chronotropic effect would be late in phase 4, but at a time that would precede the upstroke of the next expected action potential by an interval slightly greater than L. However, during concurrent sympathetic stimulation (curve V+S, Fig. 4) , the freerunning period would be reduced; i.e., TFR during concurrent sympathetic stimulation (curve V+S) would be less than r^in the absence of sympathetic stimulation (curve V). If a burst of vagal stimulation were given during the tonic sympathetic stimulation 
709
at the same time (4>) after the peak of the preceding action potential as that in the preceding example (curve V), then the ACh would now be released too late to delay the next expected action potential (curve V+S). The vagal stimulus burst would precede the next expected action potential by a time that was less than the latent period for the effect of ACh. Furthermore, the hyperpolarization of the cell during the subsequent phase 4 would not be as pronounced as that during vagal stimulation alone (curve V), because some of the liberated ACh would have been hydrolyzed during the course of the intervening action potential. Thus, the full pacemaker cycle that immediately follows the vagal stimulus would not be as prolonged as it would have been if the neurally released ACh had been able to affect the membrane potential during that same cycle in which the stimulus had been given. Hence, even though the times (<)>) after the preceding action potentials were the same in curves V and V+S, the effect of the vagal stimulus would be nearly maximal in the absence of sympathetic stimulation, but nearly minimal in the presence of tonic sympathetic stimulation.
